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Abstract
Despite cold adaptation, Antarctic fish show lower growth than expected from the van’t Hoff’s  Q10 rule. Protein synthesis 
is one of the main energy-consuming processes, which is downregulated under energy deficiency. Considering the effect of 
temperature on growth performance, we tested if temperature-dependent cellular energy allocation to protein synthesis cor-
relates with temperature-dependent whole-animal growth and thus thermal tolerance. Cell respiration and energy expenditure 
for protein synthesis were determined in hepatocytes of the circumpolar-distributed Antarctic eelpout Pachycara brachy-
cephalum after warm acclimation (0 °C vs 5 °C) and, of two notothenioids the sub-Antarctic Lepidonotothen squamifrons 
and the high-Antarctic icefish Chionodraco hamatus. We used intermittent-flow respirometry to analyse cellular response to 
acute warming from 5 to 10 °C (P. brachycephalum) and from 1 to 5 °C (L. squamifrons, C. hamatus). Warming-induced rise 
in respiration was similar between 0- and 5 °C-acclimated P. brachycephalum and between L. squamifrons and C. hamatus. 
Irrespective of acclimation, warming decreased energy expenditure for protein synthesis in P. brachycephalum, which cor-
responds to reduced whole-animal growth at temperatures > 5 °C. Warming doubled energy expenditure for protein synthesis 
in L. squamifrons but had no effect on C. hamatus indicating that L. squamifrons might benefit from warmer waters. The 
species-specific temperature effect on energy expenditure for protein synthesis is discussed to mirror thermal sensitivity 
of whole-animal growth performance, thereby paralleling the degree of cold adaptation. Clearly more data are necessary 
including measurements at narrower temperature steps particularly for C. hamatus and an increased species’ number per 
ecotype to reinforce presented link between cellular and whole-animal thermal sensitivity.
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Introduction
The development of the Antarctic Circumpolar Current and 
the resulting isolation and cooling of the Southern Ocean 
created the coldest marine environment. Antarctic waters are 
characterized by temperatures as low as − 1.9 °C with little 
seasonal variations and high oxygen content. The Antarctic 
fish fauna, which is largely dominated by the endemic fam-
ily Notothenioidae, has evolved distinctive physiological 
specializations such as anti-freeze proteins and high mito-
chondrial densities (Johnston 2003; for review see Clarke 
and Johnston 1996; Pörtner 2006; Verde et al. 2006; Mint-
enbeck et al. 2012 and references therein). Adaptation to this 
unique environment, however, comes at the cost of increased 
temperature sensitivity compared to temperate fish (Pörtner 
and Peck 2010; Convey and Peck 2019). A study of thermal 
tolerance of marine benthic groups across latitudes high-
lighted that Antarctic species are less resistant to warming 
than temperate species, and the authors suggested that an 
organism’s response to changing temperature is strongly 
influenced by the degree of experienced environmental 
temperature fluctuations (Peck et al. 2014). One of the most 
extreme biochemical traits among Antarctic fish species is 
the loss of red blood cells and haemoglobin in members of 
the family Channichthyidae, the white-blooded crocodile 
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icefish (Ruud 1954; see also Kock 2005a, b). White-blooded 
icefish perform just as well as red-blooded notothenioids 
due to alternative modifications, e.g. of the cardiovascular 
system (diPrisco 2000; Sidell and O’Brien 2006; Garofalo 
et al. 2009). However, channichthyid icefish reach their criti-
cal thermal maximum  (CTmax, defined as the temperature at 
which the animal loses its equilibrium) at lower tempera-
tures (Beers and Sidell 2011) and suffer from greater oxi-
dative damage during warming (Mueller et al. 2012) than 
most notothenioids. Antarctic fishes, particularly icefishes, 
may therefore be restricted in their ability to respond to tem-
perature variations, which makes them susceptible to global 
warming (Beers and Jayasundara 2015). Given sufficiently 
long durations of exposure, within certain thermal limits, 
many species (including Antarctic species) can cope with 
temperature change by physiological acclimation/acclima-
tization (Johnston and Dunn 1987; Guderley 1990; Lannig 
et al. 2003; Pörtner et al. 2008; Schulte et al. 2011; Peck 
et al. 2014). After warm acclimation (4 °C) for several days/
weeks,  CTmax was increased by approximately 2 to 4 °C in 
several Antarctic notothenioids (Beers und Jayasundara 
2015). Despite their cold-stenothermy, members of the Ant-
arctic fish fauna can, at least to a certain degree, adjust aero-
bic metabolism (e.g. mitochondrial capacities) to compen-
sate for the impact of temperature on metabolic processes 
and support a new metabolic steady state. This was shown 
for notothenioids, e.g. the bald rockcod Pagothenia borch-
grevinki (Seebacher et al. 2005; Franklin et al. 2007), the 
marbled rockcod Notothenia rossii, the grey rockcod Lepi-
donotothen squamifrons (Strobel et al. 2013) and a zoarcid, 
the Antarctic eelpout Pachycara brachycephalum (Lannig 
et al. 2005; Storch et al. 2005; Brodte et al. 2006a).
Cellular energy homeostasis is critical for the organism’s 
survival, and different cellular functions exhibit different 
sensitivity to limited energy supply (Atkinson 1977). Under 
environmental stress conditions, cellular energy expendi-
tures are commonly reallocated between energy-consuming 
processes to conserve ATP and maintain the most vital cel-
lular functions. Protein turnover is a major contributor to 
cellular ATP turnover. In mammals, approximately 20–24% 
of whole-animal respiration can be attributed to protein syn-
thesis (Rolfe and Brown 1997). During energy deficiency 
(e.g. hypoxia) when energy-consuming processes compete 
for the available energy, protein synthesis is a key cellular 
function and among the first to be depressed (Boutilier 2001 
and references therein). In fish, liver represents the central 
site of secondary metabolism and relies upon a very active 
protein synthesis machinery (Houlihan 1991). The energy 
metabolism of hepatocytes responds sensitively to energy 
disturbances caused by environmental stress. Under hypoxia, 
oxygen consumption and protein synthesis were depressed in 
liver cells of the rainbow trout Oncorhynchus mykiss (Pan-
nevis and Houlihan 1992). Langenbuch and Pörtner (2003) 
showed that under hypercapnic conditions and associated 
extracellular acidosis cellular energy expenditure for protein 
synthesis was downregulated in Antarctic fish hepatocytes. 
The role of energy reallocation to cellular protein synthesis 
in response to temperature change is not well understood. 
Mark et al. (2005) investigated the effect of temperature on 
hepatic energy budget in Antarctic fish to explore a pos-
sible role of cellular energy metabolism in co-defining 
thermal tolerance. However, cellular energy budgets were 
mostly maintained over the investigated temperature range 
(0 °C–15 °C), and the authors found no clear impact of tem-
perature on energy allocation to protein synthesis. They con-
cluded that shifts in cellular energy allocation might become 
effective first during systemic hypoxemia. However, they 
observed significantly elevated energy allocation to pro-
tein synthesis in the high compared to the sub-Antarctic 
fish species, indicating cold-compensated protein synthesis 
capacities. Peck (2018), who summarized recent knowledge 
on cold adaptation in the Antarctic fauna, highlighted that 
growth rates for Antarctic animals are slower than expected 
from the normal effects of temperature on biological pro-
cesses  (Q10 relationship). He previously suggested, that 
at temperatures around 0 °C “protein synthesis and fold-
ing problems cause the slowing of rates beyond expected 
temperature effects” and emphasized research focusing on 
the underlying mechanisms (Peck 2016). Growth relies on 
both excess substrate and energy availability at low base-
line costs. Temperature-dependent growth performance of 
marine ectotherms follows an inverse U-shaped curve (e.g. 
Fonds et al. 1992; Pörtner et al. 2001; Brodte et al. 2006a; 
Fly and Hilbish 2013; Gräns et al. 2014). Maximum growth 
seems to occur at temperatures prior to the acute exponen-
tial rise in whole-animal oxygen consumption and, where 
cellular baseline costs are minimal (Pörtner et al. 2008; 
Pörtner and Lannig 2009). In addition to aerobic energy 
metabolism, temperature affects as well feeding behaviour 
and food conversion efficiency and, obviously, the factors 
are positively correlated with growth performance (Fonds 
et al. 1989; Fonds et al. 1992; Brodte et al. 2006a; Sand-
ersfeld et al. 2015; see also Peck 2018). After long-term 
acclimation to different temperatures (0, 2, 4 and 6 °C), P. 
brachycephalum showed highest growth and food conver-
sion efficiency at 4 °C, whereas routine metabolic rates did 
not differ between warm- and non-acclimated (0 °C) speci-
mens (Brodte et al. 2006a). The authors who also calcu-
lated temperature-dependent whole-animal budgets showed 
that energy allocation to growth was high at the tempera-
ture of optimal growth and reduced at 6 °C accompanied 
by increased energetic demand for maintenance. Similarly, 
after acclimation to different temperatures (0, 1, 2 and 
4 °C) routine metabolic rates of the high-Antarctic emer-
ald rockcod Trematomus bernacchii returned to baseline 
levels at 0 °C (Sandersfeld et al. 2015). However, growth 
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and food conversion ratios were significantly decreased in 
2 °C- and 4 °C-acclimated T. bernacchii which coincided 
with increased energy allocation to maintenance. Against 
the background that cellular protein synthesis requires a sub-
stantial amount of energy and responds most sensitive to 
changes in energy supply, one might expect a link between 
temperature-dependent whole-animal growth performance 
and cellular energy expenditure for protein synthesis. The 
aim of the present study was, therefore, to investigate if 
thermal sensitivity of cellular energy allocation to protein 
synthesis mirrors thermal tolerance at the organism level 
with respect to temperature-dependent growth. We inves-
tigated temperature-dependent changes in cell metabolism 
of three Antarctic fish species: the circumpolar-distributed 
Antarctic eelpout Pachycara brachycephalum, the sub-
Antarctic notothenioid fish Lepidonotothen squamifrons 
and the high-Antarctic white-blooded icefish Chionodraco 
hamatus. In contrast to notothenioids, P. brachycephalum 
is characterized by a higher tolerance to warming (van Dijk 
et al. 1999; Mark et al. 2002; Bilyk and DeVries 2011), and 
its main distribution seems to be related to water tempera-
tures above 0 °C (Anderson 1989; Brodte et al. 2006b). In 
P. brachycephalum whole-animal physiology and thermal 
tolerance are very well studied. Based on the findings of 
similar routine metabolic rates after long-term acclimation 
to different temperatures (Brodte et al. 2006a) but highest 
growth rates at 3–5 °C (Brodte et al. 2006a; Windisch et al. 
2014), our first working hypothesis was that cellular oxygen 
consumption allocated to protein synthesis shows highest 
energy expenditure at the optimal temperature for growth 
in P. brachycephalum. We hypothesized further that warm-
acclimated P. brachycephalum shows higher energy expendi-
ture for protein synthesis than non-acclimated specimens. 
Unlike in P. brachycephalum, whole-animal physiology and 
thermal tolerance are not well studied in L. squamifrons and 
C. hamatus. If our first hypothesis holds true, investigations 
on cell metabolism of L. squamifrons and C. hamatus should 
reveal different thermal sensitivity in cellular energy alloca-
tion to protein synthesis in accordance with the degree of 
cold adaptation of the two species. Lepidonotothen squami-
frons inhabits the shelf and upper slopes of the sub-Antarctic 
islands between 45° and 55°S (Gon and Heemstra 1990) 
with water temperatures ranging from 0.7 to 3.5 °C (Ward 
1989; Pakhomov et al. 2006). Chionodraco hamatus lives 
in the stable-cold circum-Antarctic waters and is mainly 
recorded on the continental shelf of East Antarctica (60°S) 
with temperatures of < 0 °C year-round (Iwami and Kock 
1990; Gon and Heemstra 1990). Against this ecological 
background and species’ adaptation to their respective aver-
age habitat temperature we tested our second hypothesis that 
cellular energy expenditure for protein synthesis peaks at a 
lower temperature in C. hamatus than in L. squamifrons.
Materials and methods
Animal collection and maintenance
The Antarctic eelpout P. brachycephalum was collected 
at the Antarctic Peninsula, close to King George Island 
(62°19′S; 58°33′W) during the RV Polarstern Antarctic 
expedition ANT XXV/4–5 in April 2009. Animals were 
caught by baited traps at depths between 419 and 466 m at 
0.6 °C and 34.4 PSU. Animals were kept on board in well-
aerated 150 L aquaria tanks at ambient conditions (0 ± 0.6 °C 
and 34.2 ± 0.2 PSU) and transported to the institutional 
aquarium systems at Bremerhaven. In November 2009, ran-
domly selected individuals were exposed to elevated tem-
perature (5 °C, warm acclimation) for one year while control 
animals were kept at 0 °C. Animals were warm-exposed 
at a rate of 1 °C day−1 until the target temperature of 5 °C 
was reached. During the 1-year exposure two animals died, 
which corresponds to a 7% mortality. Water parameters were 
measured at least three times a week (Table 1). Once a week 
animals were fed ad libitum with frozen North Sea shrimps 
Crangon (Fa. Erdmann, Ritterhude, Germany). The organis-
mal measurements are shown in Table 2. The hepatosomatic 
index (HSI) was determined as (Brodte et al. 2006a).  
In 2015, we performed a subsequent cell study with P. 
brachycephalum for a comparative approach of experi-
mental setups (intermittent-flow respirometry vs. closed 
system respirometry, see below). The fish were from the 
same catch (expedition ANT XXV/4–5 in 2009) and were 
maintained throughout under control conditions (0 °C) in 
HSI =
liver weight [g]
(body weight − stomach content)[g]
× 100.
Table 1  Parameters of seawater 
during the 1-year acclimation 
of Pachycara brachycephalum 
to 0 °C (control) and 5 °C 
(warm acclimation): ammonium 
 (NH4+), nitrite  (NO2−), sample 
size (n)
Values are given as means ± SD
Treatment Temperature (°C) Salinity (PSU) NH4+ (mg L−1) NO2− (mg  L−1)
Control (0 °C) 
(n = 138–160)
0.8 ± 0.3 31.6 ± 1.9 0.10 ± 0.02 0.03 ± 0.01
Warm acclimation 
(5 °C) (n = 138–
158)
5.6 ± 0.5 30.8 ± 0.7 0.10 ± 0.02 0.02 ± 0.01
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the institutional aquarium system (see details above). Organ-
ismal measurements were as follow: length 23.1 ± 2.9 cm, 
body mass 52.0 ± 20.3 g, condition factor 0.4 ± 0.04, and 
HSI of 3.9 ± 0.7 (n = 18).
A second suite of cellular investigations was performed 
with primary hepatocytes of the grey rockcod Lepidonoto-
then squamifrons and the white-blooded icefish Chionodraco 
hamatus. Both species were caught by bottom trawls during 
the RV Polarstern Antarctic expedition ANT XXVII/3 in 
spring 2011. L. squamifrons (animal length 25.4 ± 3.1 cm, 
body mass 228.9 ± 99.9 g and HSI of 1.6 ± 0.4, n = 15) was 
caught at around 300 m water depth at 2.1 °C and 34.4 PSU 
(53°24′S; 42°40′W). Individuals of C. hamatus (animal 
length 33.1 ± 1.5 cm, body mass 237.8 ± 41.8 g and HSI 
of 3.1 ± 1.5, n = 7–8) were caught between 100 and 280 m 
water depth at − 1.8 ± 0.2 °C and 34.1 ± 0.2 PSU (daily 
trawls, 70°19′-53′S; 10°22′-52′W). The experiments were 
conducted directly on board of the RV Polarstern, and ani-
mals were only kept shortly (1 to 2 days) in the above-men-
tioned aquaria tanks prior to experiments. Stress response to 
trawling such as increasing levels of stress hormones (mainly 
cortisol and epinephrine) did not interfere with our measure-
ments on isolated hepatocytes. Due to the experimental pro-
cedure of cell isolation incl. several washing steps and a one-
hour incubation of the final cell homogenate (see below) any 
stress-induced cellular changes because of altered plasma 
composition in vivo should be negligible at the time of the 
respiration measurements.
Determination of temperature‑dependent cell 
metabolism
Buffers
All buffers were adjusted to pH 7.4 (5  °C) and supple-
mented with NaCl to reach the species-specific osmolality: 
340 mOsm kg−1 for P. brachycephalum, 360 mOsm kg−1 for 
L. squamifrons and 550 mOsm kg−1 for C. hamatus. Blood 
osmolality was determined in serum using a vapour pressure 
osmometer (Wescor 5500, ELITech, Logan, Utah/USA). All 
chemicals and media were obtained from Sigma-Aldrich 
(Darmstadt, Germany).
The following buffers were used:
Isolation buffer  (bufferiso): Hanks balanced salt solution 
without magnesium and calcium enriched with 10 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) and species-specific NaCl concentration.
Washing buffer  (bufferwash):  bufferiso supplemented with 
5 mM EDTA to bind  Ca2+,  Mg2+ and accelerate disinte-
gration of the tissue.
Digestion buffer 1  (bufferdig1):  bufferiso freshly supple-
mented with 1% BSA (w:v) and 1500 U  mL−1 collagenase 
Type 1A.
Digestion buffer 2  (bufferdig2):  bufferiso freshly supple-
mented with 1% BSA (w:v) and 1125 U  mL−1 collagenase 
Type 1A.
Centrifugation buffer  (buffercent):  bufferiso freshly supple-
mented with 1% BSA (w:v) and 1.5 mM  CaCl2 to re-add 
calcium ions and favour cell recovery and adhesion.
Culture medium (CM): Leibovitz L-15 medium (with 
l-glutamine) supplemented with 10 mM HEPES, spe-
cies-specific NaCl concentration, 5 mM d-glucose, 1% 
penicillin/streptomycin (v:v) and 10% fetal bovine serum 
(v:v, FBS).
Measurement medium (MM): Leibovitz L-15 medium 
(with l-glutamine) supplemented with 10 mM HEPES 
and species-specific NaCl concentration.
Cell isolation
The isolation of hepatocytes was modified after Mommsen 
et al. (1994). Briefly, fish were anaesthetized with MS-222 
(3-Amino-benzoic-methanesulfonate, 0.5  g  L−1). After 
determination of body length and body mass, fish were 
killed by a cut through the spine, and the liver was care-
fully excised and transferred into a Petri dish with ice-cold 
 bufferiso (4 mL g−1 tissue, at least 5 mL). Due to the small 
liver sizes of P. brachycephalum, livers of two specimens 
were pooled in approximately half of the experiments to gain 
sufficient cell yield for the measurements. To remove blood 
cells,  bufferwash was repeatedly injected into the liver via the 
hepatic vascular system. Afterwards, the liver was perfused 
with  bufferdig1 (2 mL g−1 tissue, at least 5 mL, for 5–10 min) 
Table 2  Organismal measurements and sample size (n) of Pachycara brachycephalum after 1-year acclimation to 0 °C (control) and 5 °C (warm 
acclimation)
a Fulton’s condition factor was calculated with the fresh body mass without stomach content
*Significant difference to HSI of P. brachycephalum at 0 °C. Values are given as means ± SD
Treatment Length (cm) Body mass (g) Condition  factora Hepatosomatic index 
(HSI)
n
Control (0 °C) 20.6 ± 1.2 30.7 ± 6.9 0.3 ± 0.02 2.6 ± 0.6 11
Warm acclimation (5 °C) 24.2 ± 2.3 45.1 ± 7.3 0.3 ± 0.06 1.7 ± 0.5* 10
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to remove EDTA, which inhibits the functioning of colla-
genase. The tissue digestion was initiated by placing the liver 
into  bufferdig2 (2 mL g−1 tissue, at least 5 mL) and shaking at 
100 rpm on ice. The peritoneal tissue was removed, and the 
liver was periodically massaged with a cut Pasteur pipette. 
When total disintegration was achieved (after ~ 90 min), 
the cell suspension was filtered through a two-stage nylon 
mesh filtering system (250 and 70 µm). Cell pellets were 
collected and washed (4x) by repeated low-speed centrifuga-
tion (4 min at 0 °C and 60×g or 100×g for lipid-rich livers). 
During washing steps, cell pellets were re-suspended twice 
in  buffercent and finally twice in CM. Prior to respiration 
measurements, cell suspensions were adjusted to  107 cells 
 mL−1 in CM and shaken on ice (70 rpm) for at least 1 h to 
allow for recovery from handling stress. Cell viability, which 
was assessed using a Fuchs-Rosenthal counting chamber and 
a standard trypan-blue exclusion assay, was similar between 
species, with 96.1 ± 1.8% (P. brachycephalum, n = 14, com-
mon mean for 0 °C- and 5 °C-acclimated fish), 95.0 ± 2.3% 
(P. brachycephalum, n = 12, subsequent study in 2015), 
94.1 ± 2.8% (C. hamatus, n = 6) and 98.3 ± 1.2% (L. squa-
mifrons, n = 12).
Online monitoring of cell respiration via intermittent‑flow 
respirometry
The effect of temperature on cell metabolism was deter-
mined with a Si-sensor-chip device, the BIONAS  2500® 
analysing system (BIONAS GmbH, Germany). The system 
consists of two measurement modules, BM1 and BM2. The 
sensor chip (BIONAS Discovery™ SC1000) monitors oxy-
gen consumption by planar electrodes (Clark-type) and cell 
adhesion via impedance measurements by interdigitated 
electrode structures (IDESs). The intermittent-flow system 
with stop-and-go cycles allows replacement of medium at 
a periodic cycle. In addition to the online profiling of cell 
parameters, the BIONAS device monitors the temperature 
during experimentation in situ (for more details to the system 
see Thedinga et al. 2007). Freshly isolated cells were seeded 
directly on the metabolic chip (3.5 million cells  chip−1 for P. 
brachycephalum and 5.7 million cells  chip−1 for L. squami-
frons. and C. hamatus) which was pre-coated with collagen 
(1:10 diluted (v:v) collagen R solution 0.2%, Type I, SERVA 
47254). For each cell preparation we prepared 4 to 6 chips, 
whereof finally two chips were used for measurements. Pre-
liminary tests revealed improper cell adhesion after 12–24 h 
incubation/seeding time. Due to time constraints, we thus 
used specific membrane inlays (0.4 µm pore size, BIO-
NAS GmbH) to prevent cell loss during medium exchange. 
Measurement medium (MM) was exchanged at a rate of 56 
µL  min−1 at an interval of 4/10 min (go/stop-phase). After 
sufficient recording time of total respiration, hepatocytes 
measured with BM1 were exposed to MM supplemented 
with 100 µM cycloheximide. Cycloheximide is a eukary-
ote protein synthesis inhibitor, and its inhibition effect was 
shown to be maximal after 1 h of incubation (Langenbuch 
and Pörtner 2003; Cherkasov et al. 2006). After sufficient 
recording time of inhibited respiration, temperature was 
changed, and the procedure was repeated with BM2 to deter-
mine fractional costs of protein synthesis at the second assay 
temperature. Finally, cells were killed by adding 0.2% Triton 
X-100 (v:v) to the medium. Following the manufacturer’s 
instructions, the first two hours of an experimental run were 
discarded to allow for system stabilization. Respiration rates 
were analysed by the integrated software (BIONAS GmbH). 
To calculate respiration rates, we used the rates of 15 meas-
urement cycles prior to and after the change of temperature 
and medium, respectively. Oxygen consumption allocated 
to protein synthesis was calculated as the difference of total 
respiration minus cycloheximide-inhibited respiration. The 
BIONAS system does not use internal calibration of the 
absolute  O2 levels, and the respiration rates are, therefore, 
shown in the device-specific units (pA s−1).
The experiments with P. brachycephalum were per-
formed at the temperature of optimal whole-animal growth 
(5.4 ± 0.1 °C, n = 14) and a warmer, suboptimal temperature 
(9.9 ± 0.2 °C, n = 14). The experiments with L. squamifrons 
and C. hamatus were performed close to the environmental 
temperature (1.0 ± 0.2 °C, n = 17–18) and at an elevated tem-
perature (5.5 ± 0.2 °C, n = 17–18), which was assumed to be 
suboptimal for C. hamatus. Experimental temperatures were 
controlled by placing the BIONAS device into a refrigera-
tor with an additional cooling coil that was connected to an 
external thermostat. The lowest achievable temperature was 
1 °C. After temperature was set to the new target tempera-
ture, it took around 1.5 h to become stabilized. We swapped 
starting temperatures between measurements to account for 
a possible time effect, which, however, was negligible.
Determination of cell respiration via closed system 
respirometry
We performed the above-mentioned subsequent study on P. 
brachycephalum and repeated experiments using the com-
monly used closed system respirometry. Contrasting to lit-
erature findings, where no significant effect of temperature 
on cellular energy budget could be observed (Pannevis and 
Houlihan 1992; Mark et al. 2005; Lannig et al. 2010), we 
found a clear temperature impact on cellular energy allo-
cation to protein synthesis. The subsequent study aimed 
to test if the contrasting findings are associated with dif-
ferent respirometry methods used (intermittent-flow vs. 
closed system respirometry). For this, temperature impact 
on cell metabolism was determined using a closed system 
respirometry setup with micro-optodes from PreSens (Pre-
Sens GmbH, Germany) (for more details to the setup see 
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Langenbuch and Pörtner 2003; Mark et al. 2005; Lannig 
et al. 2010). Prior to measurements, the cell suspension 
(1.2 mL) was centrifuged (3 min at 0 °C and 100 g), and the 
supernatant was replaced by fresh buffer. We did preliminary 
tests where the 1-h cycloheximide incubation was performed 
inside the chamber. The parallel measurements of cell res-
piration with and without cycloheximide revealed that cell 
respiration was more affected by time than by cycloheximide 
inhibition, even though final oxygen levels did not drop 
below 70%. Cells were, however, unaffected and showed 
stable respiration rates when kept on ice for up to 4 h after 
cell isolation. We thus followed the protocol by Langen-
buch and Pörtner (2003) and performed the cycloheximide 
incubation on a separate cell cohort outside the respiration 
chamber. After 1-h incubation both non-inhibited control 
cells and cycloheximide-incubated cells were measured 
simultaneously, and oxygen consumption allocated to pro-
tein synthesis was calculated as the difference of respiration 
of control cells minus respiration of cycloheximide-inhib-
ited cells. In this study, temperature impact on hepatic cell 
metabolism of P. brachycephalum was measured at three 
temperatures, 0 °C, 5 °C and 10 °C. The additional measure-
ments at 0 °C aimed to cover the entire thermal tolerance 
range of P. brachycephalum with 0 °C representing a sub-
optimal temperature for whole-animal growth at the cold 
side of its thermal tolerance range. At each temperature, a 
two-point calibration was performed using saturated sodium 
sulphide solution for 0% and air-bubbled medium for 100% 
air saturation. Cellular oxygen consumption (nmol  O2  min−1 
 106  cells−1) and energy expenditure for protein synthesis (% 
to total cell respiration) was calculated as described in detail 
by Lannig et al. (2010).
Statistics
Statistical analyses were carried out using SigmaStat for 
Windows (Version 3.5). One-way ANOVA on Ranks was 
used to test for the effect of acclimation temperature on 
HSI of P. brachycephalum. Two-way ANOVA followed 
by Holm–Sidak test was used to test for the effect of assay 
temperature on cellular respiration rates and the fractional 
costs for protein synthesis dependent on acclimation tem-
perature and species, respectively. Since acclimation tem-
perature had no impact on cell physiology, the datasets 
were pooled and tested again with one-way ANOVA fol-
lowed by a Holm–Sidak test for the effect of assay tem-
perature. The pooled dataset was used to test for the effect 
of respirometry method and assay temperature on the frac-
tional costs for protein synthesis using two-way ANOVA 
followed by a Holm–Sidak test. One-Way ANOVA followed 
by a Holm–Sidak test was used to test for the effect of assay 
temperature on cell metabolism of P. brachycephalum in the 
subsequent study in 2015. If assumptions for ANOVA were 
not fulfilled, data were log transformed to meet the criteria 
for normality and equality of variances. In all analyses, the 
effect was considered significant if p < 0.05. All data are 
presented as mean values ± standard deviation (SD).
Results
Impact of temperature on cell metabolism of P. 
brachycephalum
Impact of acclimation temperature
Long-term warm acclimation to 5 °C led to a significantly 
lowered HSI (Table 2, Kruskal–Wallis test, H1 = 8.747, 
p = 0.003) but did not affect hepatic cell respiration of the 
Antarctic eelpout P. brachycephalum. When measured at 
the same assay temperature, primary hepatocytes showed 
similar respiration rates and energy expenditure for protein 
synthesis regardless of acclimation temperature (ANOVA, 
total respiration: F1 = 0.335, p = 0.568; respiration allocated 
to protein synthesis: F1 = 0.0165, p = 0.900; energy expendi-
ture for protein synthesis: F1 = 1.490, p = 0.246). For better 
clarity, we thus pooled the data (Fig. 1a–c), and the acclima-
tion-specific data can be seen in Online Resource 1 (ESM 1).
Impact of respirometry setup
The intermittent-flow respirometry was a more sensitive 
method to detect temperature-induced changes in cellular 
energy budget compared to the closed system respirometry. 
Figure 1 shows datasets of P. brachycephalum that were 
obtained using intermittent-flow respirometry (Fig. 1a–c) 
or closed system respirometry (Fig. 1d–f). Both methods 
revealed a similar response of primary hepatocytes to acute 
warming, and the values for temperature-dependent frac-
tional costs of protein synthesis were not affected by the 
method used (ANOVA, F1 = 0.0137, p = 0.908). However, 
the degree of changes was less pronounced in the results that 
were obtained using closed system respirometry. Compared 
to the intermittent-flow respirometry that revealed signifi-
cant changes in both total respiration and energy expendi-
ture for protein synthesis between 5 and 10 °C (ANOVA, 
F1 = 17.131, p < 0.001 and F1 = 51.970, p < 0.001, respec-
tively), the closed system respirometry revealed only signifi-
cant changes between total cell respiration at 0 °C and 10 °C 
(ANOVA, F2 = 6.956, p = 0.005).
Impact of assay temperature
Acute warming from 5 to 10 °C significantly increased 
hepatic respiration rates of P. brachycephalum by a factor 
of 1.8 (ANOVA, F1 = 17.131, p < 0.001, Fig. 1a) resulting 
1893Polar Biology (2020) 43:1887–1898 
1 3
Fig. 1  Temperature-dependent changes in hepatic cell metabolism 
of Pachycara brachycephalum obtained using different respirometry 
setups, intermittent-flow vs. closed system respirometry. (a, d) total 
respiration rates, (b, e) cycloheximide-sensitive respiration rates and 
(c, f) fraction of protein synthesis to total respiration. *Data are sig-
nificantly different to respective data at 5 °C. +Data are significantly 
different to respective data at 0 °C. n.d. indicates data were not deter-
mined. Values are means ± SD, n = 6–14 (intermittent-flow respirom-
etry) and n = 3–10 (closed system respirometry)
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in a  Q10 of 3.1 ± 0.6 (n = 14). In the same temperature range, 
the closed system respirometry revealed a lower rise in total 
cell respiration by a factor of 1.5  (Q10 of 2.4 ± 0.5, n = 6), 
and hepatic respiration at 10 °C was significantly elevated 
to respiration at 0 °C but not at 5 °C (ANOVA, F2 = 6.956, 
p = 0.005, followed by a Holm–Sidak test, p = 0.0012 
(0 °C) and p = 0.0572 (5 °C), Fig. 1d). Oxygen consump-
tion allocated to protein synthesis showed a non-significant 
reduction after warming (ANOVA, F1 = 4.590, p = 0.0502, 
Fig. 1b) which resulted, however, in significantly lower 
energy expenditure for protein synthesis at 10 °C than at 
5 °C (ANOVA, F1 = 51.970, p < 0.001, Fig. 1c). The frac-
tion of protein synthesis to total respiration rates signifi-
cantly decreased from 28.6 ± 5.4% (n = 6) to 12.5 ± 3.6% 
(n = 10). The data that were obtained using the closed system 
respirometry with additional measurements at 0 °C (Fig. 1e, 
f) revealed the expected (albeit statistically non-significant) 
inverse U-shaped trend with highest cycloheximide-sensitive 
respiration and cellular energy expenditure for protein syn-
thesis at the intermediate temperature (ANOVA, F2 = 2.420, 
p = 0.139 and F2 = 1.089, p = 0.373, respectively).
Impact of temperature on cell metabolism of L. 
squamifrons and C. hamatus
Impact of assay temperature
The warming-induced rise in cellular respiration rates was 
similar in the sub-Antarctic grey rockcod L. squamifrons 
and the high-Antarctic icefish C. hamatus resulting in an 
overall  Q10 of 6.4 ± 1.4 (n = 14). Warming from 1 to 5 °C 
significantly increased total cell respiration of L. squami-
frons, by a factor of 2.1 and of C. hamatus, by a factor of 2.0 
(F1 = 25.266, p < 0.001, Fig. 2a). In contrast, thermal sensi-
tivity of cellular protein synthesis differed between species. 
Temperature sensitivity of energy expenditure for protein 
synthesis was affected by species with an interaction between 
the two factors (ANOVA, species: F1 = 18.483, p < 0.001; 
assay temperature: F1 = 1.984, p = 0.178; species x assay 
temperature: F1 = 6.876, p = 0.018). Species-specific oxygen 
consumption allocated to protein synthesis was affected by 
assay temperature (ANOVA, species: F1 = 1.512, p = 0.237; 
assay temperature: F1 = 11.709, p = 0.003; species x assay 
temperature: F1 = 3.362, p = 0.085). In L. squamifrons 
hepatic respiration rates allocated to protein synthesis were 
significantly elevated at 5 °C compared to 1 °C (Holm–Sidak 
test, p = 0.001; Fig. 2b) leading to a significant rise in energy 
expenditure for protein synthesis at 5 °C (Holm–Sidak test, 
p < 0.008; Fig. 2c). In contrast, cycloheximide-sensitive res-
piration of primary hepatocytes from C. hamatus was only 
slightly increased by warming (Holm–Sidak test, p = 0.301; 
Fig. 2b), resulting in a non-significant decrease in energy 
expenditure for protein synthesis at 5 °C (Holm–Sidak test, 
p = 0.426; Fig. 2c).
Fig. 2  Temperature-dependent changes in hepatic cell metabolism 
of Chionodraco hamatus (stripped bars) and Lepidonotothen squa-
mifrons (clear bars) obtained using intermittent-flow respirometry. 
(a) Total respiration rates, (b) cycloheximide-sensitive respiration 
rates and (c) fraction of protein synthesis to total respiration. *Rates 
are significantly different to respective rates at 1  °C. #Data are sig-
nificantly different between species at same assay temperature. Values 
are means ± SD, n = 4–5 (C. hamatus) and n = 5–9 (L. squamifrons)
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Discussion
Long-term warm acclimation did not affect the energy 
metabolism of primary hepatocytes of the Antarctic eelpout 
P. brachycephalum. Although unexpected, the result agrees 
with findings at the mitochondrial level. After long-term 
warm acclimation, hepatic mitochondrial respiration did not 
differ between non-acclimated (0 °C, control) and warm-
acclimated (5 °C) P. brachycephalum (Lannig et al. 2005). 
In light of a significantly lowered HSI but a similar hepatic 
mitochondrial content (expressed per g liver mass) in warm- 
compared to control-acclimated fish, the authors concluded 
that thermal compensation of hepatic aerobic capacities is 
achieved by changes in liver size. In agreement with the 
previous study, warm-acclimated P. brachycephalum had a 
reduced HSI but unchanged cell respiration rates, indicating 
again that thermal adjustments of hepatic energy metabo-
lism are mainly accomplished at the whole-organ level and 
less by alterations at the cellular or subcellular level. Simi-
larly, after long-term incubation to different temperatures, 
P. brachycephalum showed a warming-induced reduction in 
HSI, and whole-animal routine metabolic rates did not differ 
between acclimation groups (Brodte et al. 2006a; Windisch 
et al. 2014).
Our findings of temperature-induced changes in cellular 
energy allocation to protein synthesis corresponded nicely 
with literature findings at the whole-animal level of P. brach-
ycephalum. We measured highest cellular energy expendi-
ture for hepatic protein synthesis at 5 °C, which coincided 
with highest growth rates of P. brachycephalum between 3 
and 5 °C (Brodte et al. 2006a; Windisch et al. 2014). Con-
firming our first working hypothesis, temperature-dependent 
cellular energy expenditure for protein synthesis correlated 
with the inverse U-shaped curve of temperature-dependent 
growth performance. Temperature-induced changes in cel-
lular energy budget, i.e. cellular energy allocation to protein 
synthesis are, therefore, suggested to mirror the tempera-
ture tolerance of the whole animal with respect to growth 
performance. In this context, we can interpret the results 
of the sub-Antarctic grey rockcod L. squamifrons and the 
high-Antarctic icefish C. hamatus. Both species showed 
significantly elevated cell respiration at 5 °C compared to 
1 °C. Unlike C. hamatus, L. squamifrons also showed an 
altered energy budget with significantly increased net as well 
as fractional oxygen demand for protein synthesis at 5 °C. 
Compared to P. brachycephalum, whole-animal physiology 
and thermal tolerance are less well studied in L. squamifrons 
and C. hamatus. Conclusions, however, can be drawn based 
on the differences in distribution ranges and prevailing habi-
tat temperatures of the species and, with caution, based on 
the limited available data on temperature tolerance. Similar 
to P. brachycephalum, L. squamifrons inhabits a warmer and 
wider temperature range than the high-Antarctic C. hama-
tus. Its thermal tolerance seems comparable to that of P. 
brachycephalum as both species have a  CTmax of ~ 15 °C 
(Bilyk and DeVries 2011). Furthermore, despite their polar 
origin, both species are able to adjust mitochondrial capaci-
ties after warm acclimation (Lannig et al. 2005; Strobel et al. 
2013). Against this background, the warming-induced rise 
in cellular energy expenditure for protein synthesis indicates 
improved cellular energetics in L. squamifrons. Similar to 
P. brachycephalum with highest whole-animal growth at 
temperatures around 5 °C, the sub-Antarctic L. squamifrons 
will most likely benefit from warmer waters in terms of 
enhanced growth rates. On the opposite side, we expected 
that C. hamatus, which lives at temperatures < 0 °C displays 
highest energy expenditure for protein synthesis at the lower 
assay temperature, in accordance with its high degree of 
cold adaptation. Unlike P. brachycephalum and L. squami-
frons, C. hamatus showed, however, no temperature-induced 
changes in cellular energy budget. Irrespective of assay 
temperature (1 °C and 5 °C), energy expenditure for pro-
tein synthesis varied between 12 and 14%, and values were 
somewhat lower than those described for the icefish species 
Chaenocephalus aceratus and Pseudochaenichthys geor-
gianus (17%—20%, measured at 5 °C, Lewis et al. 2015). 
The observed temperature insensitivity may have resulted 
from the choice of assay temperatures missing the optimal 
temperature range for C. hamatus. This seems conceivable 
as fractional costs for protein synthesis were in the range of 
those obtained at suboptimal temperatures for P. brachy-
cephalum. Future studies on the cell metabolism of icefish, 
with an adjusted experimental protocol (measurements at 
narrower temperature steps including temperatures below 
1 °C) are necessary to identify the optimal thermal range 
for C. hamatus. Furthermore, we investigated only one spe-
cies per ecotype, which somewhat limits our comparative 
approach, and we would like to emphasize that more work 
is needed to depict temperature-dependent cellular response 
along a latitudinal gradient.
The present results indicate that hepatic energy expendi-
ture for protein synthesis correlates with temperature-
dependent whole-animal growth performance. It should, 
however, be noted that not all the energy that is invested 
in the synthesis of proteins will finally appear as somatic 
growth. Besides growth, protein synthesis is essential for 
other functions such as protection (e.g. synthesis of heat 
shock proteins, HSPs) or replacement of aged and damaged 
proteins (protein turnover). It is therefore worth to investi-
gate how cellular energy expenditure for protein synthesis 
is distributed between protein turnover, growth and protec-
tion mechanisms at different temperatures and to what extent 
excess de novo protein synthesis compensates for temper-
ature-induced stress. In this context, it would be also inter-
esting to measure the temperature-dependent allocation to 
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protein synthesis in white muscle tissue. The specific growth 
rate of white muscle is a major contributor to whole-animal 
growth because almost all the protein synthesized appears as 
somatic growth (Houlihan et al. 1986, 1988; Peragón et al. 
2001). Compared to other tissues, however, white muscle has 
also the lowest fractional rate of protein synthesis (Houli-
han et al. 1986, 1988; Peragón et al. 2001), which adversely 
affects the signal-to-noise ratio. Investigations of the ther-
mal response of white muscle tissue may therefore require 
highly sensitive methods, in particular for measurements at 
low temperatures where metabolic rates are depressed. Even 
though studies on white muscle might be preferable, Houli-
han et al. (1988) could show that increased animal growth 
rates correlated with higher protein synthesis rates in the 
liver. Notably, long-term acclimation of P. brachycephalum 
to temperatures above 5 °C led to changes in hepatic tran-
script levels such as the induction of genes encoding HSPs, 
the upregulation of ribosomal transcripts and the activation 
of lysosomal protein degradation (Windisch et al. 2014). The 
observed changes indicate that excessive warming increased 
protein damage and hampered cell division coinciding with 
reduced growth performance. In P. brachycephalum and C. 
hamatus, warming to 10 °C and 5 °C, respectively, signifi-
cantly increased total cell respiration but not the respiration 
that accounted for protein synthesis. Together with the fact 
that oxygen saturation was always high which excludes pos-
sible warming-induced hypoxemia, temperature-dependent 
changes in cellular energy allocation might be one compo-
nent to explain temperature-dependent whole-animal growth 
performance. The warming-induced rise in total cell respira-
tion suggests elevated maintenance costs of idling mitochon-
dria and/or transmembrane ion exchange mechanisms and 
needs further investigation to unravel the underlying energy-
consuming processes. In this respect, Mark et al. (2005) per-
formed a comprehensive study by investigating the thermal 
response of several metabolic processes: protein synthesis, 
RNA/DNA synthesis, ion regulation via  Na+/K+-ATPase, 
and ATP synthesis. The authors investigated hepatocytes of 
various high- and sub-Antarctic fish species between 0 and 
15 °C but observed only minor evidence for a temperature-
dependent shift in ATP-consuming processes (incl. protein 
synthesis). Likewise, Pannevis and Houlihan (1992) inves-
tigated the effect of warming (5 °C to 20 °C) on hepatic 
respiration and absolute protein synthesis rates in Oncorhyn-
chus mykiss. They observed a thermal optimum of cellular 
protein synthesis rates at intermediate temperatures (14 °C 
– 18 °C, indicated by increased phenylalanine incorpora-
tion rates), however, without clear evidence for a tempera-
ture-induced change in the oxygen consumption allocated 
to protein synthesis. This contrasts with present observa-
tions of a significant temperature effect on cellular energy 
allocation to protein synthesis in P. brachycephalum and L. 
squamifrons. The present cell study on P. brachycephalum 
included a comparison of experimental setups (intermittent-
flow vs. closed system respirometry). In light of the fact 
that the measurements with the intermittent-flow system but 
not the ones with the closed system revealed a significant 
temperature impact on the hepatic energy budget, we sug-
gest that the conflicting results may be due to the use of 
closed system respirometry in the previous studies. Based on 
our results, we consider the intermittent-flow system more 
sensitive and advantageous to investigate cellular response 
to changing temperatures. It avoids accumulation of  CO2, 
metabolic wastes and exhaustion of substrates and allows 
measurements on the same cell cohort, resulting in reproduc-
ible and less variable results. In addition to other potential 
confounding factors such as media composition (Wieser and 
Krumschnabel 2001; Stapp et al. 2015), which should be 
adjusted to mimic the best possible species-specific in vivo 
conditions, the use of different experimental setups may bias 
measurements of cellular response to warming and needs to 
be considered in future studies.
Conclusion
The study demonstrates the potential of cellular studies to 
identify thermal tolerance ranges in marine ectotherms. 
Present investigations on P. brachycephalum, where whole-
animal physiology and thermal tolerance are very well stud-
ied, revealed a clear link between temperature-dependent 
whole-animal growth and cellular energy expenditure for 
protein synthesis. Furthermore, in line with the species’ 
geographical distributions and natural temperature regimes, 
temperature-induced changes in cellular energy expenditure 
for protein synthesis differed between L. squamifrons and 
C. hamatus. These differences are suggested to parallel spe-
cies’ temperature tolerance and their degree of cold adap-
tation. Despite its preliminary character, the present study 
implies that cell studies could possibly replace time-con-
suming studies of whole-animal growth in thermal biology. 
This is of particular interest for polar fish where alive and 
healthy fish are often limited or hard to handle in captivity. 
Moreover, compared to the closed system the intermittent-
flow respirometry seems to be a more sensitive method, 
which gives some advantages to detect temperature-induced 
changes in cellular energy budget of marine ectotherms.
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